Sorting of Membrane Proteins in the Secretory Pathway Hugh R. B. Pelham and Sean Munro MRC Laboratory of Molecular Biology Hills Road 'Cambridge CB2 2QH England 'The secretory pathway of eukaryotic cells consists of a :series of compartments that are interconnected by vesicutar transport steps. These compartments differ in their Iumenal content and in the lipid and protein content of their membranes. Much effort has been directed toward understanding how this complex system is maintained and, in (particular, how membrane proteins are targeted to their appropriate locations. Sorting signals have now been delined on a variety of proteins; their properties suggest that there are at least two quite different sorting mechanisms, which are used at different stages of the pathway.
The existence of multiple transport steps between compartments is well established in animal cells (see Figure  1 for a simplified summary). Transport occurs not just in a forward direction, from endoplasmic reticulum (ER) to cell surface, but also in a retrograde manner. This is presumably necessary to maintain the size of the ER; it also allows retrieval of ER proteins from the Golgi complex and the recycling of those integral membrane proteins that are included in transport vesicles as targeting molecules (SolIner et al., 1993) . Indeed, as visualised for some protein toxins, transport of material from the cell surface all the way to the ER is possible (Sandvig et al., 1992) .
In the face of all this movement, what mechanisms could be used to localize membrane proteins? Proteins do not need to be sorted at every transport step for their location to be defined; for example, the transferrin receptor is found mostly in endosomes, a distribution that results from its rapid and selective endocytosis coupled to a slower process in which it returns to the cell surface at the same rate as bulk membrane lipid (Mayor et al., 1993) . In general, a given protein can be localized either by this kind of retrieval mechanism or by retention, that is, its exclusion from departing vesicles. These mechanisms are not mutually exclusive, and efficient targeting could be provided by a combination of both.
The selection of vesicle contents is generally thought to be mediated by coat proteins that associate with the cytoplasmic face of the budding membrane. Proteins with an affinity for some coat component will be selectively included in the forming vesicle. Others may be excluded by a crowding effect or, perhaps, if they have bulky cytoplasmic domains, because there is no room for them underneath the coat. A more subtle problem is that of the lipid content of budding vesicles. Despite the shuttling of vesicles back and forth, lipids are not evenly distributed between the membranes of the secretory pathway: for example, cholesterol and sphingolipids are highly enriched in the plasma membrane and endosomes, relative to the E:R. Since there is little evidence for directed transport of these molecules by nonvesicular means, the strong impli-Minireview cation is that vesicles do not always have the same average lipid composition as the membrane from which they bud. This difference could be induced by some physical property of the bud itself, or it may be that areas of different lipid composition normally coexist within the same bilayer (see Vaz and Almeida, 1993) with budding preferentially occurring from one of these. Such possibilities may have profound implications for protein sorting. For example, there is evidence that glycosylphosphatidyl inositolanchored proteins preferentially associate with glycolipidrich membrane domains (Brown and Rose, 1992) and this could explain the cosegregation of these components to the apical surface of epithelial cells, as originally proposed by Simons and van Meer (1988) . Cytoplasmic Sorting Signals Signals that interact with vesicle coats should be found on the cytoplasmic domains of sorted proteins. Several such signals have now been identified that influence the distribution of proteins between post-Golgi compartments, i.e., the trans-Golgi network (TGN), endosomes, lyso-some% and (in polarized epithelial cells) the basolateral domain of the plasma membrane (see Figure 1 ). Typically, the signal is formed by a short peptide sequence; the best characterized are the tyrosine-containing motifs that direct endocytosis of proteins from the plasma membrane. Intriguingly, the fates of internalized proteins are often controlled by signals that are very similar to, and even overlap, the endocytosis signal itself. Thus, some tyrosinecontaining motifs can, when appended to a reporter molecule such as the Tat antigen, mediate both endocytosis and targeting to lysosomes (Letourner and Klausner, 1992) . In contrast, the sequence YQRL (found in the protein TGN38), which also acts as an endocytosis signal, targets the same reporter protein to the TGN. Mutation of the arginine residue to an aspartic acid abolishes TGN localization but not endocytosis; the internalized protein is simply recycled to the cell surface (Humphrey et al., 1993) . Whether the similarity of these signals reflects their recognition by a related family of proteins or even by a single protein that distinguishes them by their relative affinities or whether it is Pathways for membrane protans Figure 1 . Schematic Representation of Membrane Protein Pathways merely a demonstration of the useful properties of tyrosine as a ligand is not known.
The analysis of targeting signals can be complicated. A single protein may have multiple signals, either overlapping or distinct, and their functions may be affected by phosphorylation. Quite different signals may serve to target proteins to the same organelle, an example being the tyrosine-containing and dihydrophobic motifs that both direct proteins to lysosomes (Letourner and Klausner, 1992) . Furthermore, the same signal may function at more than one location, for example, to specify transport to the basolateral domain of the plasma membrane from both endosomes and the TGN (Matter et al., 1993) . A detailed discussion of these complexities is beyond the scope of this review, but a common theme emerges: the location of proteins in post-Golgi compartments is mainly determined by signals in their cytoplasmic domains, which mediate specific transport rather than retention. This is also true in yeast: homologs of mammalian TGN proteins such as the processing proteases Kexl p, KexPp, and DPAPA are also localized by cytoplasmic signals, which presumably mediate retrieval from a later compartment. However, unlike their mammalian counterparts, these proteins may not normally reach the plasma membrane; a growing body of evidence indicates that the signal-independent default pathway for membrane proteins leads to the vacuole in yeast, rather than to the plasma membrane (Nothwehr et al., 1993) .
Retrieval signals are also found on ER proteins. The C-terminal KDEUHDEL signal, used for the retrieval of lumenal ER proteins from the Golgi complex, is present on the lumenal domain of two yeast type II membrane proteins, the productsof the SEC2Oand SED4 genes. More commonly, ER membrane proteins carry a cytoplasmic signal consisting of the C-terminal sequence KKXX, KXKXX, or a close relative. Proteins bearing such signals receive Golgi modifications and thus must cycle between ER and Golgi (Jackson et al., 1993) . Surprisingly, a KKXX sequence is also found on ERGIC53, a marker protein for an intermediate compartment between ER and Golgi (Schindler et al., 1993) . Possibly, this protein has other characteristics that cause its rapid export from the ER.
Cytoplasmic signals presumably act by binding to some vesicle coat component, defined broadly as a cytoplasmic protein that is selectively bound to vesicles. In principle, each signal-mediated transport stepwill require afunctionally distinct coat, as well as a unique vesicle targeting component. At present, only three coats have been identified: those containing clathrin and plasma membranespecific adaptin proteins that mediate endocytosis, similar ones with TGN-specific adaptins that mediate transport from the TGN to late endosomes, and the COP-containing coats found on Golgi-derived transport vesicles that, in principle, could promote selective transport to and through the Golgi complex (although signals for this have not been clearly defined). For several signal-mediated steps, such as transport to the ER or to the basolateral plasma membrane, no coats have yet been identified. Moreover, candidates for vesicular targeting molecules have been found only for transport to the Golgi (in yeast) and to the plasma membrane. Thus, if this simple sorting model is correct, many vesicle components await discovery.
Retention of Golgi Proteins
In contrast with the proteins of the TGN and ER, there is little evidence that the enzymes of the Golgi stack recycle through later compartments. Indeed, if they reach the endosomes, they tend to be proteolytically cleaved. Furthermore, no cytoplasmic sorting signals have been detected in these proteins. They are all type II proteins, with a short N-terminal cytoplasmic tail followed by a single transmembrane (TM) domain. Analysis of deletion mutants and chimeras has shown that the TM domain (with at most a few amino acids on either side) is both necessary and sufficient for Golgi localization of several medial and trans-Golgi enzymes. It thus seems that some interaction within the membrane itself can lead to the selective retention of these proteins.
What could this interaction be? It has been suggested that retention could result from the formation of protein aggregates. For example, replacement of the TM domain of vesicular stomatitis virus G protein with the first of the three TM domains of a coronavirus M glycoprotein (a Golgi resident) results in a chimeric protein that aggregates and fails to pass through the Golgi complex. Both aggregation and retention are dependent on polar residues that line one face of the TM helix (Weisz et al., 1993) . This result supports the idea that aggregation can lead to retention, but it is not clear whether the M glycoprotein is normally localized by such a mechanism; indeed, aggregation is a property only of the chimeras, not of the M glycoprotein itself.
Other experiments have shown that medial Golgi enzymes can associate with each other in vivo, and it has been suggested that they may form complexes that are too large to be transported. Retention could be further improved by binding of the proteins to an intercisternal matrix, which would effectively exclude them from the regions where buds form (Nilsson et al., 1993a) . However, the structural requirements for retention and complex formation appear to be somewhat different: the TM domain alone is sufficient for the former but not for the latter. This suggests that aggregation or matrix attachment is not the primary sorting mechanism for Golgi proteins. Nevertheless, such interactions may well stabilize the stacked structure of the Golgi, improve retention efficiency, and ensure that enzymes that are required in the same compartment are colocalized. Bilayer-Mediated Sorting An alternative view (Bretscher and Munro, 1993) is that the retention of Golgi enzymes depends not upon precise protein-protein interactions, but rather is a consequence of some general physical properties of the TM domains and the membranes in which they lie. The membranespanning sequences of plasma membrane proteins have a characteristic amino acid composition and a rather uniform length, on average 21 residues. In contrast, the Golgi enzymes have consistently shorter spanning regions, around 17 residues, and these are relatively enriched in phenylalanine residues. A key experiment suggests that TM length, rather than any specific amino acid sequence, IIS the crucial feature for sorting: replacement of the TM (domain of sialyltransferase with 17 leucines does not prevent its retention in theGolgi complex, butextension of this stretch to 23 leucines allows transport to the cell surface (Munro, 1991) .
Could it be that Golgi and plasma membrane proteins are adapted to bilayers of different thicknesses? Certainly, l:he high cholesterol and sphingolipid content of the plasma membrane would favor a thicker bilayer (see Bretscher and Munro, 1993) . It may well be that interaction of the TM domain of a typical Golgi protein with the lipids of the plasma membrane is less energetically favorable than its interaction with Golgi (or ER) membranes. If so, then the sorting of Golgi proteins could be viewed as a consequence of the sorting of membrane lipids. The proteins would simply partition away from regions of membrane that are relatively enriched in cholesterol and sphingolipids, and thus either be preferentially excluded from forward transport vesicles or included in retrograde ones.
A feature of this model is that the polarity of the Golgi complex arises naturally from the inevitable gradient of lipid composition. However, if the differences between adjacent compartments are small, precise segregation of proteins might be hard to achieve. Oligomerization of the proteins could help considerably: a unit containing several TM domains will partition between bilayers of different composition much more strongly than a monomer. In fact, despite their traditional assignment to cis, medial, and trans locations, Golgi enzymes are often distributed over several cisternae, and their location can vary considerably between cell types, implying that sorting within the Golgi stack is not generally very precise (Nilsson et al., 1993b; \/elasco et al., 1993) . This in turn raises questions about the route taken by proteins as they pass through the Golgi. I,f, as commonly assumed, vesicle targeting is achieved primarily by recognition of a specific receptor on the target membrane, then imprecise sorting of the targeting molecules would result in imprecise vesicle targeting and vice versa. Perhaps this does not preclude efficient Golgi flunction.
Why should bilayer-mediated sorting be the preferred mechanism for Golgi proteins? One advantage is that it permits self-organization of the Golgi complex without the need for large numbers of specific protein-protein interactions. All that is required is a common type of TM domain am all of the characteristic Golgi components. These must include molecules that identify the Golgi complex as the destination for transport vesicles, for example, from the EIR; the best candidate for such a protein, the product of the yeast SEDS gene, does indeed have a TM domain that is short and rich in phenylalanine (Hardwick and Pelham, 1992) . Most crucially, they should include proteins that promote lipid sorting. The stable identity of the organelle can then be maintained by a simple feedback loop: protein content controls lipid composition, which in turn controls protein content. Once established by this bilayer-dependent process, the Golgi apparatus would provide a fixed reference point in the secretory pathway. Proteins could then be sorted to it or retrieved from it using coat-mediated mechanisms.
Although these ideas are speculative, they do emphasize the need to understand not only the coat proteins and targeting molecules involved in vesicular transport, but also the mechanisms and consequences of lipid sorting. This is a difficult area that has not been popular in recent years, but it may well hold the key to future progress.
